Abstract. In indirect band gap GaAs1−xPx alloys, the Nx levels of the excitons bound to nitrogen have been resonantly excited. The detection of the photoluminescence (PL) at energies greater than the excitation energy (Anti-Stokes Luminescence (ASL)) shows a new PL band which appears at temperatures lower than 40 K. Its mean energy 2.205 eV is nearly independent of the alloy composition. We investigate ASL as a function of excitation photon energy, excitation power and temperature. Moreover ASL has been time resolved.
Introduction
The photoluminescence due to recombination of excitons bound to the nitrogen levels in GaAs 1−x P x indirect band gap have been widely studied [1] [2] [3] [4] [5] . For excitation energies greater than those of the nitrogen bound excitons, the PL spectra consist in a broad band (Nx) and its phonon LO loc replica [3] [4] [5] [6] . For the excitation energy in resonance with the Nx levels, peaks corresponding to phonons (TA X , LA X , LO loc , TO Γ P and LO Γ P ) overcome the PL band Nx [1, 4] . The decay of the PL from the Nx levels is non exponential.
The resonant excitation of the Nx band gives rise to Anti-Stokes luminescence. The purpose of this paper is to report on the behavior of this ASL as a function of excitation photon energy, excitation intensity and temperature. Lifetime of ASL has also been investigated by time resolved experiments.
Experimental results and discussion
The GaAs 1−x P x samples studied were epitaxial layers grown on GaP substrate. The nitrogen concentration is about 10
18 atoms/cm 3 . Samples were cooled at 1.8 K by immersion in superfluid helium in case of time resolved experiments and to investigate the influence of excitation intensity, and by a flow of helium gas to study the influence of temperature and excitation energy. The photoluminescence is excited with a tunable Rhodamine 6G dye This paper was presented at the "Journées Maghrébines sur les Sciences des Matériaux" held at Hammamet the 8, 9 and 10 November 1996. a e-mail: scalbert@ges.univ-montp2.fr laser pumped by an Argon laser. For time resolved experiments the laser beam is chopped by an acousto-optic modulator which produces pulses with typical risetime 10 ns and repetition rate 50 kHz. The pulse duration is varied from 50 to 200 ns. The sample luminescence is analyzed by a double monochromator equipped with a cooled GaAs photomultiplier and processed in the single photon counting mode using a time to amplitude converter. Figure 1 shows ASL spectra of GaAs 0.32 P 0.68 :N at 20 K and for excitation energy lower than the indirect band gap energy. All spectra display a pair of bands (bands 1 and 2). The mean energies of bands 1 and 2 are 2.2053 eV and 2.1931 eV respectively. The difference 12.2 meV between the two energies is nearly equal to the energy of the TA X phonon (12.5 meV) in the GaAs 1−x P x alloy for the composition x = 0.68. This difference is much larger than the maximum electron-hole exchange splitting (6.3 meV for x = 0.6) corresponding to electron and hole at the Γ point of the Brillouin Zone [11] . Hence band 2 can be attributed unambiguously to a TA X phonon replica of band 1.
For lower excitation energies a second pair of bands appears (Bands 3 and 4). The mean energies of bands 3 and 4 are 2.1574 eV and 2.1448 eV respectively. The difference 12.6 meV between those energies is nearly the same as between bands 1 and 2. The difference between the energy of band 3 and the energy 2.1746 eV of GaAs 0.32 P 0.68 band gap at 4.2 K [10] is 17.2 meV. This energy is much larger than the energy shift of the band gap between 4.2 and 20 K. As the minimum of the GaAs 0.32 P 0.68 conduction band is located near the X point of the B.Z., band 3 can be attributed to a TA X phonon-assisted recombination of an electron from X valley with a hole from Γ point. In this process conservation of the momentum is preserved. For excitations energies lower than the Nx level energies, band 5 appears. Its mean energy is 2.0765 eV. In the GaAs 0.32 P 0.68 :N spectra the Nx band appears at the energy 2.0972 eV. The difference between the two latter energies is 20.7 meV. Band 5 corresponds to recombination with emission of a TA X phonon from levels located slightly below the Nx exciton levels.
At 20 K the pairs of bands observed in GaAs 0.32 P 0.68 :N do not appear in the GaAs 0.26 P 0.74 :N spectra (Fig. 2) . In the PL spectra only bands 1 and 5 are seen. Their mean energies are 2.2032 eV and 2.1211 eV respectively. At 4.2 K the energy gap of this alloy is 2.2014 eV [10] . The Nx band appears at the energy 2.1247 eV. Bands 1 and 3 are superimposed. Numerous works have investigated the transfer of the excitons bound to nitrogen to lower energies in GaAs 1−x P x :N alloys [7] [8] [9] [10] [11] .
The time decay of the PL intensity due to recombination of excitons bound to nitrogen levels is non exponential [7] [8] [9] . Figure 4 shows the time evolution of the PL intensity recorded at 2.095 eV above the excitation energy 2.048 eV. The time decay of the PL intensity is very fast and comparable to the laser pulse decay, however a short delay of about 50 ns exist between laser excitation and luminescence (Fig. 4b) . The time evolution of PL is very similar for the different energy levels and alloy compositions investigated.
The time decay of the PL intensities from levels located below and above the excitation energy behaves differently. A part of the electron-hole pairs created during the pulse excitation are promoted to the energy level 2.205 eV by some unknown process (two-photon absorption, Auger process...) and produce the ASL. Some recombine directly or by emission of a TA X phonon. This gives rise to bands 1 and 2 of the PL spectra. Others thermalize to the bottom of the electron-hole pair continuum and to the nitrogen levels and recombine with or without emission of a TA X phonon. Figure 5 shows the GaAs 0.32 P 0.68 :N spectra for different temperatures. For low temperatures the intensity of band 1 is greater than that of band 2, the intensity of which increases with temperature and dominates band 1 at 25 K. Bands 1 and 2 disappear at temperatures greater than 40 K. Figure 6 shows an Arrhenius plot for the ratio of the integrated intensity of band 1 to the integrated intensity of band 2 (I 1 /I 2 ). The curve presents two different parts which correspond to two different transfer processes. For temperatures lower than 40 K, the increasing temperature favors the electron transfer from the level situated at 2.2053 eV to the level situated at 2.1931 eV.
For temperatures greater than 40 K, the increasing temperature releases the electrons which transfer to the conduction band minimum and to the nitrogen levels. To obtain more information about the transfer to the levels of bands 1 and 2, we have performed PL excitation experiment (Figs. 7a and 8a) . The PL intensity vary nearly linearly as a function of excitation energy the excitation intensity being kept constant (Figs. 7b and 8b) . The transfer occurs neither by phonon emission nor by absorption from intermediate levels located between the resonant and band 1 levels.
The difference between the excitation energy and the mean energy of band 1 can be greater than 150 meV; this discards the idea of a possible transfer process by absorption of photon from acceptor levels. The absorption of two photons should show bands corresponding to recombinations from other upper conduction band minima like Γ and L, which we have not observed at energies lower than 2.54 eV.
Conclusion
We have shown the existence of a band in the photoluminescence spectra of GaAs 1−x P x with indirect band gap at energy higher than the excitation energy. This band is centered at 2.205 eV, and its position is nearly independent of the composition x. This band disappears at temperatures higher than 40 K. Time resolved luminescence reveals the short life time of the corresponding levels and a delay between excitation and recombination (about 50 ns) characteristic of a two or multi-steps transfer process. However the detailed mechanism of this up-conversion of photons and the levels involved have not been elucidated and require further investigation.
